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ABSTRACT

This study describes an innovative fiber technology with various applications,
such as fiber-reinforced concrete (FRC), fiber-reinforced plastic (FRP), and plastic
foaming. Unlike incumbent passive fiber reinforcing technology, in situ shrinking fibers
that respond to an external stimulus such as heat, pH, or moisture variations can induce
pre-compression to the matrix and create additional resistance from external loads,
creating stronger composite structures. This new technology includes the design and
fabrication of in situ shrinking fibers to improve performances in each application.
Shrinking ratios and tensile strengths of fibers used in each application were measured.
Specimens with active shrinking fibers, passive non shrinking fibers, as well as control
samples have been made, and their performances have been compared.
The first part describes the application of shrinking fibers in cementitious
composite structures to provide supplemental strength-enhancing compressive stresses.
Mechanical properties of the samples are compared with compression and three-point
bending tests, using heat activated shrinking (HAS) fibers pH activated shrinking (pHAS)
fibers. The second part describes the applications of through-thickness fiber
reinforcement technology for polymeric laminate to provide supplemental strengthenhancing interlaminar stresses. To prove this concept, peel strengths of epoxy/glass fiber
composite layers are measured. Also, in-plane tensile tests are conducted to investigate
whether the through-thickness shrinking fibers affect in-plane properties. The third part
demonstrates the application of shrinking fiber in improving foaming ability of linear
polymers. The smart fiber blending technology would be able to tune the optimum degree
of strain hardening behavior cost efficiently. The modification of the rheological
properties by the fiber shrinkage is discussed. The extensional viscosity measurements
are described in terms of strain-hardening behaviors in polymer composites containing
shrinking fibers. Final foam properties resulting from these structures are also presented.
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CHAPTER 1: SHRINKING FIBERS
1.1. Smart polymers
Smart polymers are high-performance polymers that react to the external
stimulus, such as heat, moisture, pH, wavelength, electrical field, or light. They can
respond in various ways: altering color or transparency, changing shape, or changing
their characteristics or properties [1, 2]. They can be either synthetic or natural [3].
Smart polymers are playing an increasingly important roles in a diverse range of
applications such as drug delivery, tissue engineering and “smart” optical systems,
coatings and textiles [4].

1.2. Shrinking fibers
In this project, an innovative fiber reinforcement technology for such as fiberreinforced concrete (FRC), fiber-reinforced plastic (FRP), and plastic foaming is
described. Heat activated shrinking (HAS) fibers, and pH activated shrinking (pHAS)
fibers.
1.2.1. HAS & HP Fibers
For HAS fibers, two types of heat shrink tubing from buyheatshrink was used.
One was made from polyolefin (AMS-DTL-23053/5-306), and the other was made from
viton fluoroelastomer (AMS-DTL-23053/13-006-0). Table 1 details the properties of
polyolefin and viton fluoroelastomer tubing. The tubes were cut as fiber shapes and used.
1

HP microfiber was prepared by shrink-activating HAS microfibers

Table 1: Properties of heat shrink tubings

Polyolefin tubing (AMS-DTL-23053/5-306)
Shrink ratio

2:1

Longitudinal shrinkage

5%-10%

Shrink temperature

80°C

Operating temperature

-55°C to 125°C

Inside diameter before activation (mm)

6.50

Inside diameter after activation (mm)

3.18

Minimal wall thickness after activation

0.56

(mm)
Viton tubing (AMS-DTL-23053/13-006-0)
Shrink ratio

2:1

Shrink temperature

175°C

Operating temperature

Up to 220°C

Inside diameter before activation (mm)

19.05

Inside diameter after activation (mm)

9.53

Minimal wall thickness after activation

1.07

(mm)

2

1.2.2. pHAS & pHP Fibers
pHAS fibers were made from chitosan, purchased from Sigma-Aldrich (product
number 90121-76-4). Table 2 details the properties of chitosan powder.

Table 2: Properties of chitosan powder.

Appearance

White powder

Color after acidic solution

Faint yellow

Bulk density

0.15-0.3g/cm3

Deacetylate rate

≥75%

Molecular weight

387kg/mol

The fabrication was based on the procedure established by Fernandez and
Ingber [5]. The procedures are summarized below:
(1) 95 ml of distilled water, 1 ml of acetic acid, and 3 g of chitosan powder are mixed
into a beaker with a glass stick for 5 min.
(2) The chitosan solution is put into an oven, at temperature of 100 °C. The solution is
condensed until 60%–65% of the solution evaporates. This procedure takes
around 22–26 h.
(3) The condensed solution is then taken out of the oven and is poured into a petri-dish
and cooled down at room temperature for one hour.
(4) The condensed solution is extruded as thin unsolidified microfibers in another petridish using syringes.
3

(5) The microfibers are dried at room temperature until they solidify completely. This
takes around 6 h.
(6) The solidified microfibers are collected and cut into right aspect ratio fibers.
pHP fibers were fabricated from shrink-activating pHAS fibers.

4

CHAPTER 2: Application in Fiber reinforced concrete
2.1. Introduction
Reinforced concrete is one of the most commonly used structural materials in the
construction industry, primarily due to its cost, durability, and ability to be easily
fabricated into a variety of shapes, both on and off site [6]. Reinforced concrete is a
composite material typically composed of stone and sand aggregates, cement paste
binder, and reinforcement. Unreinforced concrete is strong in compression but weak in
tension, which leads to cracking even under moderate tensile stresses. Placing steel
reinforcing bars in key locations inside a concrete matrix produces a strong composite
structural member that carries both tensile and compressive loads. However, steel
reinforcement is susceptible to corrosion, which significantly reduces the life expectancy
of reinforced concrete structures [7]. In addition, the placement and detailing of steel bars
can be highly labor-intensive, directionally dependent and can add significant cost. As an
alternative to steel bar reinforcement, discrete or short steel, polymeric, or natural fibers
may be used [8, 9]. The fiber placement in the concrete is random. This creates a
composite that is capable of withstanding a variety of compression and tension loads –
often in ways that are not possible with typical steel bar reinforcement. These advantages,
such as higher load resistance, reduction of shrinkage cracking during curing and higher
structural integrity can potentially enable high strength and light-weight structural
applications such as radar-invisible dome structures, thin runways for airplanes, and
durable structures in corrosion aggressive environments.
5

Polymer fiber reinforced concrete is a mature technology [10]. A diverse set of
polymers such as Polyethylene Terephthalate (PET), Polyvinyl Alcohol (PVA), Nylon,
polyolefin, and cellulose have been researched and tested [9, 11-14]. The multiphase
structure, application and fire-resistant behavior of fiber-reinforced polymer structure
have been studied [15]. Synergistic effects of more than one reinforcing materials have
been researched [14, 16]. Studies on engineering cementitious composites with raw
material fibers and their mechanical properties have also been conducted [17]. Behavior
of concrete specimens under the combined effect of temperature change and load have
been tested [18]. Computational approaches to represent individual fibers and their
composite behavior has been studied as well [19, 20]. Early age shrinkage and cracking
behaviors of cementitious composites have been analyzed [7, 21]. The overall
characteristics of reinforcing fibers used in bio-composites have been reviewed [22]. Also,
investigations of synergism effects between reinforcing fibers and additional agents were
conducted. The study from Snoeck and Belie showed that superabsorbent polymers
(SAPs) in the concrete swell due to water intake, and shrink during hardening of the
concrete, forming macro-pores. However, the released water continuously promotes
autogenous healing process, and durability increases by sealing the cracks [23]. Ferrara,
Krelani and Moretti applied the crystalline admixtures to the self-healing capacity of
concrete using chemical pre-stressing [23, 24]. However, there appears to be little
published literature using fiber materials with shrinking characteristics to pre-compress
and reinforce cementitious structures. By strengthening the matrix with microfibers that
contract

under

specific

stimuli,

the composite would have internal pre-stress,
6

which could produce an additional resistance to external loads (Figure 1). A simple
strengthening effect, referred to as hypothesis I, uses the pre-stress to shift a failure
surface in principal stress coordinates from a configuration that favors compressive
stresses to a surface with more parity between compression and tension stresses. A more
complicated set of effects may occur, referred to a hypothesis II, where the fibers induce
additional synergistic effects, such as closing micro-cracks and jamming aggregate
material, to strengthen the concrete beyond simply shifting the stress failure surface to
both shifting and expanding the surface.

Figure 1: Hypotheses of the stronger composite reinforced with in situ shrinking microfibers. Due to
internal compressive stresses, the composite can withstand higher external stresses until failure.

This study aimed at presenting a cementitious composite structures reinforced by
in-situ shrinking microfibers, activated by two mechanisms: heat activated shrinking
(HAS) microfiber made from polyolefin and pH activated shrinking (pHAS) microfiber
made from chitosan. To investigate the shrinking effect, test results of HAS and
7

pHAS microfiber reinforced composite were compared with those with heat passive (HP)
and pH passive (pHP) microfiber reinforced composite, respectively. The microfiber
shrinkage ratios were measured, and the fiber tensile tests were conducted. Also,
compression and three-point bending test results of concrete specimens that are
reinforced by each microfibers, and control specimens were compared to ultimately
investigate the additional reinforcing effect of shrinking behavior.

2.2. Experimental Details
2.2.1. Materials
For HAS microfibers, heat shrink tubing from buyheatshrink (50 ft 1/4 inch 2:1
Low Shrink HP, Clear color, AMS-DTL-23053/5-306) was used. The tubing that heat
activates at the lowest temperature (e.g., 80 °C) was selected to minimize the strength
loss of concrete during activation [18]. For pHAS microfiber, chitosan (product number
9012-76-4) from Sigma-Aldrich was purchased and used. The concrete used for this
study was Portland concrete based fast-setting concrete mix (Product No. 1004-50),
manufactured from Quikrete. Table 3 details the properties of heat activated tubing and
chitosan powder, and the ingredient ratio of concrete materials.

Table 3: Properties and ingredients of raw materials used.

Heat activated tubing (Buyheatshrink, AMS-DTL-23-053/5-306)
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Shrink ratio

2:1

Longitudinal shrinkage

5%-10%

Shrink temperature

80°C

Operating temperature

-55°C to 125°C

Inside diameter before activation (mm)

6.50

Inside diameter after activation (mm)

3.18

Minimal wall thickness after activation
0.56
(mm)
Chitosan powder (Sigma-Aldrich, product number 9012-76-4)
Appearance

White powder

Color after acidic solution

Faint yellow

Bulk density

0.15–0.3 g cm−3

Deacetylate rate

≥75%

Molecular weight

387 kg/mol

Concrete ingredients (wt%, analyzed using MiniflexII x-ray powder diffractometer,
Rigaku)
Muscovite-2M1

55.3

Muscovite

16.9

Calcium magnesium aluminum oxide
10.3
silicate
Biotite

9.3
9

Quartz

4.6

Albite

3.4

After microfiber preparation, shrinkage ratios were measured. The lengths, widths
and heights of 10 randomly selected HAS and pHAS microfibers were determined. Three
dimensional measurements were conducted before and after activation. Two-dimensional
major surface area (longitudinal times lateral dimensions of HAS/pHAS microfibers) of
shrinking ratios and three-dimensional volume shrinking ratios were measured and
calculated, and the overall results are presented in table 4 and 5. The equations below
were used to calculate the area and volume shrinking ratios. Negative values of shrinking
ratio mean that the fibers have swelled instead of shrinking.

Table 4: Length shrinking ratios of fibers.

Before

After activation

Shrinking ratio

activation (mm)

(mm)

(%)

Longitudinal

4.01±0.40

2.18±0.34

45.9±5.4

Lateral

1.05±0.21

0.99±0.24

6.4±12.0

Vertical

0.29±0.01

0.56±0.04

−94.6±9.7

Longitudinal

3.89±0.67

2.62±0.61

32.6±10.8

Lateral

1.15±0.17

0.80±0.14

30.5±10.2

Vertical

0.04±0.01

0.04±0.01

−19.4±37.6

Directions

HAS fiber

pHAS fiber
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Table 5: Area and volume shrinking ratios of fibers.

Major surface area shrinking ratios (%)

Volume shrinking ratios (%)

HAS fiber

49.2±9.6

1.0±19.5

pHAS fiber

53.4±7.6

41.4±18.2

Surface area shrinking ratio (%) :

;

Volume shrinking ratio (%) :

(1)
(2)

where, Aa is the major surface area of HAS/pHAS microfiber, Ap is the major surface
area of HP/ pHP microfiber, Va is the volume of HAS/pHAS microfiber, and Vp is the
volume ofpHAS, pHP microfiber.

2.2.2. Cementitious composite sample preparation
Test specimens were prepared using two types of molds; cylindrical specimen
molds for compression tests were 1.27 cm (0.5 in) in diameter and 2.54 cm (1 in) in
height. Premixed concrete with stones removed using a colander at 14 mesh (1.410 mm
particle size), and water were prepared. The prepared concrete and water were mixed at a
weight ratio of 18:1 with a suitable amount of microfibers for 3 min. The concrete and
fiber mixture was put into the molds. The molds were filled up to 1/3 and stirred with a
vibration generator for 30 s to remove air pockets. For HAS and HP microfiber and
relevant control specimens, the samples were put into the oven at 90 °C for one hour.
After one hour, the specimens were left for over 24 h at room temperature for full curing.
11

For pHAS and pHP microfiber and relevant control specimens, they were left for over 24
h at room temperature after filling the molds up. All specimens were polished using sand
paper to level surfaces for testing.
Rectangular specimen molds for three-point bending tests were 10.4 cm (4 in)
long, 1.62 cm (0.6 in) wide and 2.1 cm (0.8 in) deep. Premixed concrete after removing
the stones using a colander at 14 mesh (1.410 mm particle size), and water were prepared.
The prepared concrete and water were mixed as the weight ratio of 18:1 with a suitable
amount of microfibers for 3 min. The concrete and fiber mixture was put into the molds.
The molds were filled up to 1/3 and stirred with a vibration generator for 60 s to remove
air pockets. For HAS and HP microfiber and relevant control specimens, the samples
were put into the oven at 90 °C for one hour. After one hour, the specimens were left for
over 24 h at room temperature for full curing. For pHAS and pHP microfiber and relevant
control specimens, they were left for over 24 h at room temperature after filling the molds.
All specimens were polished using a grinder to level the surfaces prior to testing.
The weight ratios of microfibers in specimens were 0.5 wt%, 1 wt%, 2 wt%
respectively, which are equivalent to volumetric ratios of 0.24 vol%, 0.48 vol% and 0.96
vol% for HAS microfiber reinforced specimens, and 1.6 vol%, 3.1 vol% and 4.7 vol% for
pHAS microfiber reinforced specimens. The volume fractions were calculated from the
density of each microfibers: 0.78 g cm−3 for HAS microfibers and 6.7 g cm−3 for pHAS
microfibers.

12

2.2.3. Test procedures
Both the compression and three-point bending tests used a displacement control
protocol with a load rate of 30 mm min−1 (1.16 in/min) for the compression tests, and 5
mm min−1 (0.197 in/min) for the three-point bending tests. Family universal test
machine (Model no. 210-44, TestResources Inc.) collected load data in the compression
and threepoint bending tests. The device has 4450 N (1000 lbf) capacity with a data
collecting frequency of 50 data points per second.

2.3 Results and discussions
In this section, compression and three-point bending test results are summarized
and discussed. In each set of curves, the specimens with shrinking microfibers, passive
microfibers, no microfiber are compared.

2.3.1 HAS and HP fiber specimen
The results in figures 2 and 3 demonstrate that for all three different microfiber
weight percentages, the specimens with HAS microfibers have higher compressive
strengths than the specimens with HP microfibers in compression tests. Compared to the
specimens with HP microfibers, there were 45.0%, 21.6% and 30.2% improvements in
the maximum compressive strengths with 0.5, 1, 2 wt% HAS microfibers, respectively.
With 0.5 wt% HAS microfibers specimens, there was 50.3% improvement in the

13

maximum compressive strength compared to the control specimens. These results
confirm the hypothesis that introducing shrinking microfibers in composite structures can
have a better reinforcing effect than conventional passive fibers. The results also indicate
that it is critical to have an optimum amount of microfibers to make concretes stronger
and otherwise, the microfibers can weaken the concrete matrix. It was shown that the
maximum strengths of specimens can decrease when the weight ratios of microfibers
were 1 wt% and 2 wt%. Shrinking microfibers would reinforce the composites by
inducing internal pre-stresses. However, as the fraction of shrinking microfiber increases
beyond the optimum microfiber content, the overall amount of micro debonding between
fibers and matrix would increase significantly, causing undesirable micro defects that
enhance crack formation and propagation. The optimum amount of microfibers could be
varied from the type of fibers, aspect ratios, orientations, overall dimensions, and degree
of adhesion between microfibers and matrix. The results are highly repeatable with small
standard deviations as shown in figure 3.

14

Figure 2: Compression tests for cementitious composite strucutres with HP and HAS fibers and
control. Each graph shows three repeated test results.

15

Figure 3: Average maximum compression stresses for composites with HAS, HP fibers at various
wt% and no fibers.

Figure 4 and 5 show that for the microfiber weight percentages of 0.5, 1, and 2
wt%, the specimens with HAS microfibers have higher maximum bending strengths than
the specimens with HP microfibers in three-point bending tests. Compared to HP
microfiber specimens, increases in the maximum bending strengths of 147.3%, 124.7%,
44.4% were observed for the specimens with 0.5, 1, and 2 wt% HAS microfibers
respectively. Especially, the specimens with 1 wt% HAS microfibers demonstrated
60.2% improvement compared to those of control samples. Also, the specimens with 0.5
and 1 wt% HAS microfibers endured 1.8, and 1.9 times higher deformation until fracture
during the tests than the specimens with the same amount of HP microfibers, respectively.
The results also strongly indicate that shrinking microfibers in composite structures have
better reinforcing effect than conventional passive microfibers. Similar to compression
tests, there was an optimum amount of microfiber content for the most effective
reinforcement, 1 wt%.
16

Figure 4: Three-point bending tests for cementitious composite strucutres with HP and HAS fibers
and control. Each graph shows three repeated test results.

17

Figure 5: Average maximum three-point bending stresses for composites with HAS, HP fibers at
various wt% and no fibers.

2.3.2 pHAS and pHP specimen
The compression test results of the specimens with pHP and pHAS microfibers
indicate that both microfibers weaken the concrete specimens as shown in Figure 6 and 7.
In addition, there are little distinctive differences in the maximum compressive strengths
of two sets of specimens. From the specimens with HAS and HP microfibers, it was
found that the in-situ shrinking mechanism of microfibers is effective in strengthening the
composite. The shrinking ratio calculations and microfiber tensile test results show that
the transition from HAS microfibers to pHAS microfibers should have a similar trend.
From Figure 8, it appears that the load does not propagate well into the core of specimens
with pHAS and pHP microfibers unlike specimens with HAS and HP microfibers.
Furthermore, the poor interfacial adhesion between the natural chitosan fibers and matrix
remains a key issue in terms of overall performance, since it dictates the final properties

18

of the composite concrete material [22].

Figure 6: Compression tests for cemetitious composite structures with pHAS, pHP fibers and control.
Each graph shows three repeated test results.

19

Figure 7: Average maximum compression stresses for composites with pHAS, pHO fibers at various
wt% and no fibers.

Figure 8: Crack formation after comporession tests. (a) 1wt% HAS fiber specimen. (b) 1wt% HP
fiber specimen (C) 1wt% pHAS fiber specimen. (d) 1wt% pHP fiber specimen.

The three-point bending tests of the specimens with pHAS and pHP microfibers
demonstrated the similar trend as the samples with HAS and HP microfibers (figure 9 and
10). In 0.5 wt% reinforcement case, the maximum bending strengths of specimen
20

increased by 145.2% when pHP microfibers are substituted with pHAS microfibers. This
is also 133% increase in the maximum bending strengths over control. Also, the
specimens with 0.5 wt% pHAS microfibers sustained approximately 2.1 times higher
deformation before sample breakage than the specimens with the same amounts of pHP
microfibers. Above 1 wt% microfibers, the maximum bending strengths were not
improved over the control samples for both types of microfibers. It was observed that for
the composites with pHAS microfibers, a significant improvement in maximum bending
strengths were observed but not in maximum compressive strengths. These may be due
to: (i) weak bonding between chitosan and cementitious matrix, (ii) small % elongation to
break of chitosan microfibers, (iii) abrupt moisture content change in cementitious matrix
due to chitosan microfibers, and (iv) micro-cracks due to shrinking related de-bonding
which caused more damaging in compression tests than in three point bending tests. One
possible mechanism was depicted in figure 11 as an attempt to explain the phenomena.

21

Figure 9: Three-point bending tests for cementitious composite structures with pHAS and pHP fibers
and control. Each graph shows three repeated test results.
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Figure 10: Average maximum three-point bending stresses for compoisites with pHAS, pHP fibers at
various wt% and no fibers.

Figure 11: One possible mechanism for the composites with pHAS fibers which show improved
maximum bending strengths but not te maximum comporessive strengths.

2.4 Conclusions
The purpose of this study is to demonstrate the strength improvement of
cementitious composites with in-situ shrinking microfibers versus passive microfibers. In
order to improve the mechanical properties of the current cementitious composites
further, the microfiber properties should be also enhanced to the same level or beyond
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compared to the incumbent microfibers and should have in-situ shrinking characteristics.
The study presented the results by two activation mechanisms (heat activated, and pH
activated) of shrinking microfibers to reinforce the cementitious matrix. In real
applications, utilizing HAS microfiber reinforced concrete would restrict the matrix size
and activation temperatures. As the size increases, the heat would not well transferred
into concrete, causing non homogeneity from different rates of the microfiber activation,
which would limit the HAS microfiber reinforced concrete manufacturing to a factory
setting. Also, the activation temperature of HAS microfiber would be restricted, as this
study selected the activation temperature at 90 °C. Higher temperature for shrinkage
activation would cause the boiling of water in the concrete paste, result in the severe
defection of concrete. The pHAS microfibers, on the other hand, utilize the Portland
concrete’s own nature that its pH increases up to 12~13 during the curing [25]. Therefore,
microfibers made of polybase materials which shrink under high pH surroundings such as
chitosan would be suitable for real applications, if the microfiber mechanical property
can match incumbent microfibers.
This study introduced an innovative fiber reinforcement technology for
cementitious composite structures by using in-situ shrinking microfibers in the range of 0
to 2 wt%. Two types of mechanical property tests were performed. It was observed that
there are different optimum amounts of microfibers for different types of the tests;
compared to HP microfibers specimens, 45 % increase in the maximum compressive
strengths with the samples with 0.5 wt% HAS microfibers, and 124.7 % increase in the
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maximum bending strengths with the samples with 1 wt% of HAS microfibers were
observed. With 0.5 wt% of pHAS microfibers, 145.2 % enhancement in the maximum
bending strengths was demonstrated. For compression tests, however, pHAS microfibers
rather weakened the cementitious specimens. The mechanism and results show the
similar conclusion from the previous study of concrete in triaxial compression that the
strength of the concrete in triaxial compression was found to increase with the magnitude
of the smallest principal stress [26]. In triaxial compression study, the compressions from
three directions increased the magnitude of the smallest principal stress by resisting the
crack propagation. Likewise, internal pre-stresses in the matrix caused by shrinking
microfibers would be an additional resistance from external loads. Even though the
strengths of microfibers used in this study were lower than those of incumbent
microfibers, the hypothesis that in-situ shrinking microfibers in composite structures can
have better reinforcing effect than conventional passive microfibers has been confirmed.
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Chapter 3 Application in fiber reinforced plastics
3.1 Introduction
Laminated polymers with two-dimensional fiber reinforcement structures have
been exploited for decades in aerospace and construction industries [1]. However, the
applications of two-dimensional laminates have been limited by certain mechanical
properties. A primary shortcoming is failure by delamination [27]. To overcome the
shortcomings, 3D composites have been introduced with various manufacturing
technologies, such as weaving, braiding, stitching, and knitting [1]. This paper describes
an innovative through-thickness fiber reinforcement technology that employs in situ
shrinking fibers to provide supplemental strength-enhancing interlaminar stresses for
fiber-reinforced polymeric laminate structures.
There have been numerous studies and applications regarding the interlaminar
reinforcement of composite structures with various methods. The effects of throughthickness reinforcement to the in-plane mechanical properties have been studied [2, 4].
The main attractions of the current levels of major interlaminar reinforcing techniques
and the ability to tailor the mechanical performance have been reviewed with the
challenge of developing more automated means to manufacture composite structures with
an optimized design [5]. In addition, the manufacturing processes of the throughthickness reinforced composites using a “tufting” method have been presented in
Dell’Anno’s study, and the presence of tufts using carbon fiber resulted in a significant
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increase in the delamination crack growth resistance of double-beam specimens [28]. The
experimental assessment of the interlaminar tensile strength under various laminated
thicknesses has been conducted [29]. Karry Mayssa et al. have evaluated the interlaminar
shear in laminates by 3D digital holography [30]. Interlaminar damage has been
investigated for carbon fiber reinforced polymer composite laminates under laser
irradiation, and the interlaminar cracks have been observed [31]. The effect of
temperature on nano-rubber toughening in epoxy and epoxy/carbon fiber laminated
composites has been studied [32]. T. Yang et al. presented an experimental study into a
new type of stitched fiber-polymer laminate that combines high interlaminar toughness
with self-healing to repair delamination damage [33]. The interlaminar stresses resulting
from the bending of thick cylindrical laminated shells have been analyzed using a
Kantorovich method, and the numerical results were shown [27].
Research on interlaminar reinforcement has been conducted with various fiber
materials as well. The study of the interlaminar as well as intralaminar reinforcement of
polymer-matrix composites using carbon nanotubes has also been conducted [34-36]. The
mechanical properties of bamboo laminates and bamboo laminated composites have been
evaluated under different loading conditions [37]. Additionally, investigations of the
effect of through-thickness natural fiber stitches on the low-velocity impact response of
woven flax/epoxy composite laminates has been conducted [38]. The effects of throughthickness stitching using natural fibers on the interlaminar fracture toughness and tensile
properties of flax fiber/epoxy composite laminates have been experimentally studied
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[39]. The advantages and disadvantages of applying z-pins (i.e., pins that are applied to
the through-thickness direction of the laminate) to polymer composite laminates have
been examined [40]. Further, z-pin technology for through-thickness composite
reinforcement has been studied under a hot-wet environment [41]. Matthew Blacklock et
al. presented a new finite modeling approach to analyze the mode I delamination fracture
toughness of z-pinned laminate elements [42]. The effects of nano-reinforcements on the
fracture behavior of epoxy nanocomposites and the mode I interlaminar fracture
toughness of filament-wound basalt fiber-reinforced laminates have been studied, and
crack propagation through the composite was observed [43]. The delamination resistance
of thick woven glass fiber reinforced polyester specimens with different ply orientations
has been studied, and it was found that the ply angle changes the delamination resistance
[44]. The application of polycaprolactone nanofiber nonwovens in the interlaminar
reinforcement of resin transfer molded glass fiber/epoxy laminates has been studied, and
demonstrates the benefits of nanofiber toughening [45]. The effects of through-thickness
stitching using natural fibers on the interlaminar fracture toughness and tensile properties
of flax fiber/epoxy composite laminates have been studied with tensile and double
cantilever beam tests [39]. The impact on Kevlar/epoxy laminates has been analyzed
under different orientations and thicknesses, and it was found that cross-ply laminates
exhibited a superior ballistic resistance [46].
However, it seems that there is little research exploiting fiber materials with
shrinking characteristics to pre-compress and reinforce the through-thickness directional
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strength of laminate structures. The contraction of fibers under specific stimuli in the
composite would have enhanced mechanical properties with internal prestress, which
could withstand higher external loads or torsion (Figure 12). The concept of our previous
study that shrinking fiber in mortar can improve the mechanical properties of concrete
was adopted [47]. The objective of this study is to present and evaluate polymer lay-up
structures with an interlaminar-reinforcement using heat-activated in situ shrinking fibers.
To isolate the effect of the shrinking process from that of the fiber material, two types of
fibers, shrinkable or heat-activated shrinking (HAS) fibers and pre-shrunk or heat-passive
(HP) fibers, were prepared. The fiber shrinking ratios were measured. T-peel test results
of the HAS fiber reinforced composite specimens, the HP fiber reinforced specimens, and
the control specimens were compared to demonstrate the reinforcing effect of shrinking
reinforcement fibers. Additionally, in-plane tensile tests were conducted under identical
conditions to investigate whether shrinking fibers affect any in-plane properties.
(a)

(b)

Prestress Across Laminations

Figure 12: Hypothesis of an interlaminar strengthening effect of HAS fibers; (a) undamaged
laminate structure, and (b) shrinking behavior of HAS fibers introduces transverse prestress that
withstands delamination.
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3.2 Materials
The polymer matrix used for this study was epoxy (System 3000 High Temp
Epoxy kit, part number 3000/3120) manufactured by Fiber Glast. For the lay-up fiber,
fiberglass fabric (part number 241) was selected. Table 6 details the properties of the
epoxy, and fiberglass.

Table 6: Properties of law materials.

Epoxy
Cured hardness
shore D

88 D

Tensile strength

>252 MPa

Elongation at break

1.9%

Tensile modulus

16.1 GPa

Flexural strength

363 MPa

Flexural modulus

20.7 GPa

Fiberglass
Weave pattern

Plain

Weight

81 g/m2

Thickness

0.089 mm

Breaking strength

1.79 kg/min

3.3 Fiber tensile test
Single-fiber tensile tests were carried out with a tensile test fixture in the rheometer
(DHR-3, TA Instruments). Once the fibers were loaded, tensile force reading was zeroed.
The fibers were extended at a constant speed of 1 mm/s. The tensile strength of both the
HAS and HP fibers is approximately 1430MPa, and this implies that the activation

timing, i.e. pre-shrunk or in situ shrinking, does not change the ultimate strength.
Furthermore, if any strength difference occurs from the peel test, it would be from the
shrinking behavior of the fibers affecting the mechanics of the composite system and not
from changes in the strength of the fibers due to heat activation.

3.4 Epoxy curing test
Our hypothesis assumes that the fibers remain bound to the matrix during fiber
activation, such that the tendency of the fibers to shrink induces compressive stresses.
However, if the stiffness of the matrix is too soft or hard, the effect may not appear as
strongly as expected. To confirm this, the viscosity of the epoxy was measured over time
at room temperature (20 °C) using a Discovery Hybrid Rheometer (DHR-3, TA
Instruments) with a 25-mm parallel plate fixture. As shown in Figure 13, the timeviscosity curve of the epoxy consisted of three stages: the initial stage when the viscosity
gradually changes until 6 h; the middle stage when the viscosity of epoxy rapidly
increases until 16 h; and the last stage in which the epoxy viscosity stabilizes. From the
results, the composite specimens were made by shrink-activating at 0 h, 4 h, 12 h, and 20
h respectively.
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Figure 13: Epoxy viscosity variation over time at 20 °C . The yellow dotted box indicates the time
chosen to investigate the relationship between the viscosity (i.e., stiffness) and the shrinkage
performance.

3.5 Laminate Composite Sample Preparation
3.5.1 Peel strength test specimen
A fiberglass fabric was cut to a 15.24 cm x 2.54 cm (6 in x 1 in) rectangular
shape. Twelve sheets of fiberglass were sewn with a HAS or HP fiber. The first stitch
was sewn in the middle of the fiberglass. Seven grams of epoxy was prepared. Three
grams of epoxy was applied to a 15.24 cm x 2.54 cm rectangular shape on the Teflon
sheet. Fiberglass sewn with a HAS or HP fiber was added on the epoxy. The fiberglass
was separated in 6 sheets each, and 0.5 g of epoxy was applied on the bottom set of
fiberglass. Another sheet of Teflon was placed on the epoxy layer, and 0.5 g of epoxy
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was added to it. The other 6 sheets of fiberglass were layered on the epoxy-covered
Teflon sheet. Three grams of epoxy was poured on the fiberglass. Finally, the other
Teflon sheet was added on the pre-cured epoxy-fiberglass composite and was pressed
with a weight. The epoxy infused composites were put into the oven at 100 °C for 3
minutes, or left for 4, 12 and 20 h of curing at room temperature beforehand. After 3
minutes, the specimens were left for 24 h to fully cure. After the matrix completely
hardened, all of the Teflon sheets were removed (Figure 14). Figure 15 shows the
specimens that were ready for testing.

Figure 14: T-peel test sample preparation procedure.

Figure 15: T-peel test specimens. (a) layout and (b) actual figures.
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3.5.2 In-plane strength test specimen
A fiberglass fabric was cut to a 15.24 cm x 2.54 cm (6 in x 1 in) rectangular
shape. Four sheets of fiberglass were sewn with a HAS or HP fiber. The first stitch was
sewn in the middle of the fiberglass. Three grams of epoxy was prepared. One gram of
epoxy was applied to the 15.24 cm x 2.54 cm rectangular shape on the Teflon sheet.
Fiberglass sewn with a HAS or HP fiber was added on the epoxy. Two grams of epoxy
were poured on the fiberglass. Finally, the other Teflon sheet was added on the pre-cured
epoxy-fiberglass composite and was pressed with a weight. The epoxy infused
composites were put into the oven at 100 °C for 3 minutes, or left for 4, 12 and 20 h of
curing at a room temperature beforehand. After 3 minutes, the specimens were left for 24
h to fully cure. After the matrix completely hardened, all of the Teflon sheets were
removed (Figure 16). Figure 17 shows the specimens that were ready for testing.

Figure 16: In-plane tensile strength test sample preparation procedure.
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Figure 17: In-plane tensile strength test specimens. (a) Layout, (b) Actual figures.

3.5.3 Test Procedures
Both the peel tests and in-plane tests used a displacement control protocol with a
load rate of 5 mm/min (0.197 in/min). A family universal test machine (Model no. 21044, TestResources, Inc.) collected load data in the tests. The device has a 4450 N (1000
lbf) capacity with a data acquisition frequency of 10 data points per second.

3.6 Results and Discussions
In this section, the T-peel and in-plane tensile test results are summarized and
discussed. In each set of curves, the specimens with shrinking fibers, passive fibers, and
no fiber are compared. For peel tests, the experiments were conducted until the first fiber
had breakage, and the delamination occurred. Each set of experiments was conducted
with three identically made samples, and the average and standard deviation of the results
were also calculated.
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3.6.1. Peel tests
The results in Figures 18 and 19 demonstrate that for three different fiber
activation times, except for the 0 h activation time, the specimens with HAS fibers have
higher peel strengths than the specimens with HP fibers in the peel tests. Compared to the
specimens with HP fibers, there were 1%, 23%, 17% and 7% improvements in the
maximum peel strengths with activation times of 0 h, 4 h, 12 h, and 20 h, respectively.
There was 160%, 270%, 335%, and 304% improvement in the maximum peel strength
compared to the control specimens. These results confirm the hypothesis that introducing
shrinking fibers in composite structures can improve the reinforcing effect over that of
conventional passive fibers. The results also indicate that 4 h is the most optimum fiber
activation time (i.e., matrix stiffness) from the four different fiber activation time
conditions, indicating a strong relationship between fiber strength and matrix stiffness for
optimum reinforcement by shrinking. In comparison, the reinforcement effect decreases
as the fiber activation time is lengthened or shortened. Fiber activation at an early curing
time barely shows any improvement in strength. It seems that the matrix is too weak to
create pre-compressive stress. However, when the shrinking fibers are activated after 4 h,
the matrix is too stiff, and the shrinking fibers do not have enough strength to compress
the matrix, resulting in less improvement than when the fibers are activated at 4 h.
Therefore, the fiber-matrix strength ratio would be a key factor to maximize the shrinking
fiber performance. The results are highly repeatable with small standard deviations, as
shown in Figure 19.
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Figure 18: T-peel tests for laminate specimens with HAS fibers, HP fibers, and a control using only
epoxy.

Maximum Peel Stress (MPa)
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Figure 19: Average maximum peel stress for specimens with HAS, and HP fibers at various
activation time and no fibers.
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3.6.2. In-plane tensile tests
Figures 20 and 21 show that for fiber activation time of 0 h, 4 h, 12 h, and 20 h,
the specimens with HAS fibers do not exhibit any significant difference in the in-plane
tensile stresses compared to the specimens with HP fibers. However, there was a 1% and
5 % decrease in strength in the samples that were activated at 0 h and 4h, whereas there
was an increases in strength of 11% and 10% in the samples that were activated at 12 h
and 20 h, respectively, compared to specimens with HP fibers. By comparing them with
control specimens, a 3% and 7% increase, and a 1% and 4% decrease was observed for
the specimens heated at 0 h, 4 h, 12 h, and 20 h, respectively. Unlike the peel test results,
in which the improvement was highest in specimens heated at 4h and the degree of
improvement declined as the heat-activation time was lengthened, there was no
remarkable trend in the in-plane tensile test results.
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Maximum In-Plane Tensile Stress (MPa)

Figure 20: In-plane tensile tests for laminate specimens with HAS fibers, HP fibers, and the control.
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Figure 21: Average maximum in-plane tensile stress for specimens with HAS fibers and HP fibers at
various activation times and no fibers.
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3.7 Conclusions
The purpose of this study is to demonstrate improvements to the interlaminar
strength of polymer laminates with in situ shrinking fibers versus passive fibers. In order
to improve the mechanical properties of the composites, the fiber properties should be
enhanced to the same level or beyond compared to the currently employed fibers and
should have in situ shrinking characteristics. The study demonstrated the results of two
mechanical properties (interlaminar strength and in-plane tensile strength) affected by
shrinking fibers and conventional static fibers. Both shrinking HAS, and non-shrinking
HP fibers induced improvement in the interlaminar strength, but the HAS fibers showed
greater improvements due to pre-compression resulting from the shrinkage. Moreover,
this enhancement can be tuned by the activation time during the matrix curing step.
This study introduced an innovative fiber reinforcement technology for polymeric
laminate composite structures using in situ shrinking fibers under different shrinking
activation times. Two types of mechanical property tests were performed. It was observed
that there were different trends in the interlaminar and in-plane tensile strengths. Even
though the strengths of fibers used in this study were lower than those of current
commercially employed fibers, it has been confirmed that in situ shrinking fibers in
composite structures can have better reinforcing effect than conventional passive fibers.
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Chapter 4. Application in thermoplastic foaming
4.1 Introduction
The strain hardening behavior of polymeric melts has important roles in polymer
processing. This behavior is indicated by an upturn in the tensile stress growth
coefficient, η+E(t), which is often called extensional viscosity, above the linear curve,
which is invariant with rate, during extensional deformation. This nonlinear behavior can
promote a self-healing effect,[48] leading to more homogeneous deformation and less
flow instability in the strong flow. Thus, we can expect that a polymeric material
exhibiting strain hardening can be used in processes involving strong flows, such as
foaming, film blowing, and fiber spinning. It is well known that a higher degree of strain
hardening under extension can increase the foamability by reducing the cell
coalescence.[4, 38, 49, 50] The result is foam structures with low bulk density, improved
thermal and acoustic insulation property, and high impact strength. Introducing longchain branching on linear polymeric chains has been a standard method to increase strain
hardening, and its rheology and processing have been studied extensively during the last
three decades.[51-53] However, to produce polymers with a controlled branching
structure for desired strain hardening is still quite challenging, and once a long-chain
branched polymer has been synthesized, the behavior is relatively fixed. We have
developed technology to control the strain hardening of linear polymers by compounding
them with active-shrinking fibers to tailor the behavior by changing an operating
condition such as temperature. Extensional rheometry and foamed morphology will be
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demonstrated to support our hypothesis.
Various methods have been studied to improve the processability and properties
of PP, including long-chain branching and fibrillated polymer blending.[4, 5, 54, 55]
However, no study has been performed to show fiber materials with shrinking
characteristics in polymers to improve strain hardening and thus foamability. We adopted
our previous concept that shrinking fibers in mortar can improve the mechanical
properties of concrete.[56] While the shrinkage of fibers outside of the matrix occurs
upon activation due to a change in temperature, the shrinkage of fibers in the matrix is
suppressed by the properties of the matrix, such that the fibers generate compressive
stress in the matrix (Figure 22). We hypothesize that by compounding a linear polymer
matrix with fibers that shrink or contract upon specific stimuli, the composite would
show enhanced strain hardening during extensional deformation. Such an enhancement
can be utilized in polymer processing, for example foaming, since it helps prevent cell
coalescence.

Max

(b)

Compressive Stress

(a)

Shrink Activation

Min

Figure 22: Schematic of the shrinking fibers and those in the matrix (not to scale). (a) The shrinkage
of fibers outside of matrix can occur upon activation. (b) Since shrinkage of fibers inside matrix is
suppressed by matrix, fibers generate compressive stress in the matrix.
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4.2. Experimental
4.2.1. Matrials
We have chosen polypropylene (PP) as the matrix because PP is one of the most
popular polymers due to its unique combination of desirable chemical and physical
properties. For example, PP has a higher temperature resistance and stiffness, great
chemical resistance, and impact strength.[57] The conventional linear PP has a low melt
strength and strain hardening in extensional flow, which limit the processing window
considerably.[3, 58] The matrix is isotactic, linear PP, received from ExxonMobil Inc.
(PP1014H1). Its melting temperature is 159°C and its melt flow index is 16 g/10min
(230°C/2.16kg).
To isolate the effect of the shrinking process from that of the fiber material, we
prepared two types of fibers: shrinkable or heat-activated shrinking (HAS) fibers and preshrunk or heat-passive (HP) fibers. The HAS fibers were made by cutting heat shrink
tubes (Buyheatshrink, 2:1 shrink ratio Viton heat shrinkable tubing, AMS-DTL23053/13-006-0) for which the shrinkage activation temperature is 175 °C along the
primary shrinkage axis. The HP fibers were prepared by heating the tubes for 2 minutes at
180 °C to let them fully shrink and cutting them to the length of the HAS fibers.

4.2.2. Sample preparation
The resins and test specimen were dried in a vacuum oven at room temperature
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for 24 h before and after compression molding at 210 °C, and during the
compression molding, the fibers were added at 165 °C, which is lower than the shrinkage
activation temperature. While fibers were aligned in the extensional direction in the
matrix for extensional viscosity measurements and pullout tests, they were randomly
distributed for foaming tests. All the stress measurements were performed in a rheometer
(DHR-3, TA Instruments).

4.3 Results and discussion
4.3.1. Tensile test properties of HAS, HP fibers
We measured the tensile stress of the fibers alone because it is believed that this
stress fundamentally contributes to the strain hardening of the matrix. Single fiber tensile
tests were carried out with a tensile test fixture in the rheometer. Once fibers were loaded
at a test temperature of 180 °C, the tensile force reading was zeroed. The fibers were
extended at a constant speed of 6 mm/s, which is an initial strain rate of 1 s-1, considering
the initial length of the fiber is 6 mm. The shrinkage of the HAS fibers was activated due
to the temperature at the beginning of the test, and this leads to an initial tensile stress of
200 kPa for HAS fibers, as shown in Figure 23. However, the maximum tensile strength
of both fibers is approximately the same at 900 kPa, and this implies that the activation
timing, i.e. pre-shrunk or in situ shrinking, does not change the ultimate strength. At a
given time, such as 3 s, where the extensional viscosity measurement finishes at a rate of
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1 s-1 (Figure 25d), HAS fibers show a tensile stress approximately 300 kPa higher
than that of the HA fibers, and this gap leads to the difference in the strain hardening
enhancement.
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Figure 23: Tensile stress measurements of single HAS and HP fibers at 1s-1. The shrinkage of HAS
fiber was activated in the rheometer chamber right before the beginning of test. Error bars represent
the standard deiation of five tests.

4.3.2. Single fiber pullout test property of HAS, HP fibers
Our hypothesis assumes that fibers continue to adhere to the matrix during
extension, so that the tendency to shrink or stay still exerts compressive stress in the
matrix (Figure 22) and promotes strain hardening. However, if interfacial slipping occurs,
the straining hardening effect may not appear as much as expected. To confirm the
adhesion between the matrix and both types of fiber, pull-out tests[59] were performed
with a tensile test fixture in the rheometer. A fiber was sandwiched between two 3-mmthick slabs of PP, and while one end of the slabs was fixed, the fiber was pulled out of the
other end at a
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constant speed of 3 mm/s (pulling rate or shear rate is 1 s-1) at 180 °C. Figure 24
shows steady state values of the measured pull-out stress (pulling force/contact area). The
pull-out stress of 13 kPa is an order of magnitude lower than the degree of the fiber
tensile stresses in Figure 22, such that most of the deformation occurred in the matrix
upon pulling. If interfacial slip occurred, the HAS fibers would show more slip, and the
pulling stress would be lower than that of the HP fibers,[60] but both fibers show similar
stress values. It was also confirmed that no slip occurred visually.[61] Thus, it is safe to
assume that no interfacial slip occurred during extension in which both the matrix and the
fibers were subject to deformation in the same direction.

Pull-out Stress (kPa)
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1
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HAS 2fibers

Figure 24: Pull-out stress of HP and HAS fibers out of the PP matrix. Error bars represent the
standard deviation from five tests.

From the tensile and pull-out adhesion test results, it is concluded that the
shrinkage activation would not change the mechanical properties of the fiber that would
affect the foamability. Also, we can expect that if there are any differences in the physical
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properties between composites with HP fibers and with HAS fibers, the cause of the
difference would be due to the shrinking behavior.

4.3.3. Extensional flow response
To perform extensional rheometry, 3 wt% fiber was added to the PP matrix
aligned with the deformation direction. The tensile stress growth coefficient or
extensional viscosity, η+E was measured with an SER fixture in the rheometer at 180,
190, and 200 °C, and strain rates, of 0.1, 1, and 3 s-1 for neat PP, PP/HP fibers, and
PP/HAS fibers (Figure 25). Tests continued until the matrix ruptured. The linear PP
showed the same behavior as 3η+ (t), three times the linear viscoelastic data, i.e., shear
stress growth coefficient measured in separate tests, implying no strain hardening, as
expected.
Figure 25(a) through 25(c) show that both fibers induce strain hardening at all test
rates and temperatures, and the PP/HAS exhibits a higher degree of strain hardening than
the PP/HP. We believe that the strain hardening results from the high tensile stress of the
fibers (Figure 23) against the extensional deformation,[62] and that the shrinking nature
of the HAS fibers further enhances strain hardening. Figure 25(d) shows a comparison of
PP/HAS and PP/HP at =1 s-1 at various temperatures. The difference in the degree of
strain hardening diminishes with temperature. The comparison of PP/HAS and PP/HP
shows no difference at 200°C; however, PP/HAS at 180°C shows a much higher
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extensional viscosity than PP/HP. This trend can be explained by the fact that the lower
viscosity of the matrix at higher temperatures causes the compressive stress from the
HAS fibers to easily dissipate, and thus, shrinkage does not provide any advantage. This
phenomenon plays an important role in controlling the foamability.
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Figure 25: Extensional viscosity, η+E of PP, PP/HP fibers and PP/HAS fibers at strain rates of 0.1, 1, 3
s-1. The solid lines are three times the stress growth coefficient of steady simple shear at a strain rate
of 0.03 s-1, which is in the linear regime. (a) At 180°C, (b) at 190°C, (c) at 200°C. (d) Comparison of
the effects of fiber and shrinkage at same temperatures.
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4.3.4. Batch foaming of PP/HAS fibers and PP/HP fibers
To evaluate the effects of shrinking and non-shrinking fibers on the strain
hardening in an actual process, we conducted batch foaming at 130, 145, and 160°C and
at 20.7 MPa (3000 psi). We chose lower temperatures than those used for rheological
measurements to account for a decrease in the melting temperature due to dissolved
gases.[62] A 3-mm-thick disk specimen with 3 wt% fiber was placed on the bottom of a
pressure chamber preheated to the desired temperature. After the chamber was evacuated,
it was filled with CO2 to 20.7 MPa. We let CO2 diffuse into the specimen for 15 minutes.
This is shorter than the saturation time of 30 minutes, which can be estimated from the
diffusion coefficient of CO2 and the thickness of the sample but is enough to allow CO2
sorption for physical foaming. Then, the pressure was suddenly released (

= 1.4

MPa/s) to foam. The foam was cut below and parallel to the top surface to observe the
foamed morphology, as shown in Figure 26(a). As expected, neat PP shows the fewest
number of cells, i.e., largest cells resulting from cell coalescence. The compounding of
PP with HP fibers gives higher cell numbers, and with HAS fibers shows the highest cell
numbers and a more even cell size distribution. As we hypothesized, strain hardening due
to shrinking fibers can improve the foamability of linear polymers. For a quantitative
comparison, the cell density, which is the number of cells (bubbles) per unit volume, is
obtained by[63]

Cell Density (cell/cm3) =

(1)
50

where A is the area (cm2) of the microscope image, n is the number of cells in the
image, and

and

are the densities of the before and after foamed specimens,

respectively; the values are shown in Figure 26(b). Compounding with both types of
fibers increases the cell density at all temperatures, and the increase from the HAS fibers
is greater than from the HA fibers. However, the degree of improvement is the highest at
130 °C and decreases with temperature while the cell density of neat PP shows no
noticeable change. This result is consistent with the extensional viscosity measurements
in Figure 25, showing that the enhancement of the strain hardening with HAS fibers
decreases with temperature. The decrease in viscosity of the matrix due to an increase in
temperature causes greater dissipation of the compressive stress formed by fibers, and
thus the positive effect of fibers on foaming is reduced with temperature. Such a
reduction is more prominent with HAS fibers than HP fibers. This implies that the cell
density of foams with fibers can be tailored using processing conditions such as
temperature, and by compounding with shrinking fibers a wider range of cell densities
occurs compared to normal fibers.
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Figure 26: Batch foaming process results. (a) Micrographs of the foamed morphology. The scale bar
equals 300 μm. (b) Cell density obtained from micrographs. Error-bars represent the standard
deviation from five tests. To avoid confusion, data of PP/HAS fibers and PP were shifted to the left
and right 145 and 160°C, respectively.
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4.4. Conclusion
We hypothesized that shrinking fibers compounded in linear polymer matrices
enhance strain hardening in extension and thus foamability. The extensional viscosity of
the composite, tensile stress of a single fiber, and foamed morphology of the material
support our hypothesis. Both shrinking HAS and non-shrinking HP fibers induce strain
hardening, but the HAS fibers enhance the hardening further due to the higher initial
tensile stress resulted from shrinkage. Moreover, HAS fibers increase the degrees of
strain hardening and cell density over a wider range of temperatures than HP fibers. Thus,
the foamed structure of the linear polymer/HAS fibers can be easily tailored via the test
condition. Further studies will be conducted with nanoscale shrinking fibers to more
significantly enhance strain hardening and foamability.
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Chapter 5. Future work

As described, the innovative fiber reinforcement technology of in situ shrinking
fibers presents the improvements in application of FRC, FRP, and thermoplastic foaming
over that of incumbent passive fibers. Despite the proven benefits of the shrinking fiber
technology, there seems more room to improve our current shrinking fibers. As shown in
figure 27, the current stage of shrinking fibers used are too thick, causing local defects as
well as non-homogeneity. Prestress, Also, figure 28 shows that shrinking fibers used in
this study have lower maximum tensile strengths compared to the fibers commonly used
in the fiber reinforcement.

Figure 27: Defects in matrix caused by thick fibers.
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Figure 28: Tensile properties of HAS, HP, pHAS, and pHP fibers used in FRC versus fibers that
have been currently used in industries.

5.1 The study of nanoscale fiber fabrication using melt blowing process
Fibers with an average diameter less than 1μm are commonly called nanofibers.
Nanofibers offer a smaller average pore size, which can reduce interfaces between matrix
and fibers. As well as enable the composite to form a homogeneous structure.
Furthermore, as the fiber diameter decreases, surface areas of interfaces would increase,
resulting in more prestress caused by fiber shrinkage. There are several techniques
capable of generating nanofibers, such as melt blowing, melt spinning, electrospinning,
and jet blowing. Within them, melt blowing is of particular interest because this method
is compatible with various types of polymers. Melt blowing is performed by extruding a
polymer melt through small nozzles surrounded by high speed blowing hot air [54].
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5.2 The study of shrinking fiber with graphene blends
Graphene has emerged as a subject of enormous scientific interest due to its
exceptional electron transport, mechanical and thermal properties, and higher surface area
[34, 35]. Those exceptional properties of graphene and the discovery of methods for its
application in various area, researchers all over the world are studying graphene. This
interest in clearly shown by the number of related research publication [34]. With small
amount of blending, the physical properties of graphene/polymer nanocomposites would
be significantly improved (figure 29). Also, recent study reported that graphene can
increase the glass transition temperature (Tg) of nanocomposites [40], resulting in the
widening of processing windows.
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Figure 29: Tensile test result of graphene/LDPE composite with various weight ratio.
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